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Abstract
Hydrocarbon tribopolymer, a type of polymer formed due to friction between surfaces, is a
major impediment to the development of micro- and nanoelectromechanical systems (MEMS/NEMS)
devices for industrial application. Tribopolymer buildup can prevent MEMS and NEMS from
making or breaking electrical contact. We describe the adsorption of benzene (C6H6) on the
RuO2(110) surface using density functional theory. This adsorption is an important initial step
in the mechanism of hydrocarbon tribopolymer layer formation on MEMS and NEMS devices.
The adsorption interaction is studied by considering three oxygen coverages of RuO2(110) and
all the possible adsorption sites for benzene. We find that adsorption of benzene on O-poor
RuO2(110) via C-Ru bonds is stronger than adsorption on the O-rich RuO2(110) via H-O
bonds. For an in-depth study of the adsorption behavior, we include the van der Waals inter-
action for a holistic investigation. By incorporating the thermodynamic chemical potentials
into the adsorption simulations, we describe a model that can provide guidance for realistic
situations.
Introduction
Over the past twenty years, the RuO2(110) surface has become a key model system for transition
metal oxide catalysis.1 Its high electrical conductivity and high bulk modulus2 make this metal
oxide a suitable material for application in microelectromechanical and nanoelectromechanical
systems (MEMS/NEMS) devices. But as shown experimentally,3 hydrocarbon tribopolymer layers
form as benzene is introduced into the atmosphere. This tribopolymer increases the electrical
contact resistance, which leads to electrical failure of the switches. This obstacle is yet to be solved,
and the mechanism of tribopolymer formation remains unclear. Since aspects such as atmospheric
composition and gas pressures have been shown to affect the contamination rate of the switches,4
studying the adsorption of gases on the contact surfaces will provide crucial understanding of the
initial step of tribopolymer formation.
The surface catalytic properties of RuO2(110) have been well studied for small molecules.
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Molecules including CO,5–7 H2O,8,9 O2,10 N2,5 methanol,11 CO2,12 NO,13 ethylene,14 NH3,15
HCl16 and H2 17 are reported to be adsorbed from the gas phase directly to a single catalytically ac-
tive atom on the surface. For benzene, there is a similar but slightly different mechanism of adsorp-
tion, in which the adsorbed molecule has a collective interaction with multiple surface atoms. This
arises partly because the benzene molecule is a comparatively larger molecule than the previously
studied ones, covering many surface atoms. This study of benzene chemisorption is motivated by
recent breakthroughs in NEMS devices and the importance of discovering tribopolymer-resistant
surfaces. This long-term goal requires understanding of the components and their interactions.
The complexity of benzene adsorption on RuO2 due to the large molecular size and the rich sur-
face structure mandates in-depth study and extends the recent literature on RuO2 surface structure
and small-molecule chemisorption.
In this work, we investigate the adsorption of benzene on the RuO2(110) surface. Our proposed
adsorption mechanisms incorporate the effect of varying benzene coverage and O content of the
RuO2 reconstruction. The surface terminations and oxygen coverages are determined by previous
studies,18 and adsorption Gibbs free energies were calculated by density functional theory (DFT) to
study the thermodynamic properties of benzene adsorption under different conditions. In addition,
we generate a phase diagram to predict the most favored benzene coverage.
Computational Methods
DFT calculations
In this investigation, density functional theory (DFT) calculations are performed using the Quan-
tum ESPRESSO package19 with designed nonlocal pseudopotentials20,21 from the OPIUM code.22
A 50 Ry plane wave cutoff is used, and the electronic exchange correlation energy is calculated
with the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof.23 Later, the
vdW correction methods, such as DFTD324–26 and TS,27 were applied to all the modeled systems.
An 8× 8× 8 Monkhorst-Pack28 k-point mesh is used for variable cell relaxation of bulk RuO2,
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and an 8×8×1 k-point mesh is used for all the other calculations such as the slab, adsorption, and
molecule relaxation studies.
Surface structure and adsorption energy model systems
The stoichiometric RuO2(110)-Obridge surface was previously considered to be the most stable
surface at ambient conditions, but recent works show that the stable surface structure depends
on the chemical potential of oxygen.6,18 As shown in FIG 1, three types of RuO2(110) surface
structures are stable: RuO2(110)-Ru, RuO2(110)-Obridge, and RuO2(110)-Ocus. Lower oxygen
chemical potential leads to exposed surface metal atoms in the RuO2(110)-Ru surface structure.
With increasing oxygen chemical potential, the oxygen atoms will cover surface sites, forming the
RuO2(110)-Obridge and RuO2(110)-Ocus structures.
Figure 1: Three possible terminations of the RuO2 rutile (110) plane are studied: RuO2(110)-
Ru(left), stoichiometric RuO2(110)-Obridge(middle) and RuO2(110)-Ocus(right).
In the bulk structure of RuO2, O is bonded to three Ru atoms, producing the sp2 hybridization,
and Ru is bonded to six O atoms, forming d2sp3 hybridization. From this information, one can
predict the catalytically active sites on each surface, since the reactivity of a metal oxide surface
is related to the undercoordinated metal and O atoms.29 Observing the RuO2(110)-Ru surface,
the five-fold, coordinatively unsaturated site Rucus,5f and the four-fold bridge Rubridge,4f atoms are
undercoordinated. This makes the surface Ru atoms catalytically active. Also, even though O3f
is fully bonded with three Ru atoms, other works show that it could be a site for weak hydrogen
bonding.30 On the RuO2(110)-Obridge surface, one can observe that while Rubridge,6f is fully coor-
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dinated, the other surface atoms are not, keeping them catalytically active. For the RuO2(110)-Ocus
surface, all the Ru atoms are fully coordinated, but Obridge and Ocus atoms are undercoordinated,
bonding with only two and one Ru atoms respectively.
Before studying surface adsorption, the bulk RuO2 is relaxed using the variable cell relaxation
method and the GGA functional. The cell parameters of bulk RuO2 are calculated to be a = b
= 4.47 Å, c = 3.08 Å which agree well with experimental X-ray diffraction values of a = b =
4.49 Å, c = 3.10 Å.31 Using bulk in-plane lattice parameters, a symmetric surface slab structure is
constructed using three layers of Ru. For the surface, the relaxed Rubridge,6f-Obridge length is 1.88 Å
and Rucus,6f-Ocus is 1.68 Å. The z-axis cell parameter for the slab is set to 30 Å which separates
the benzene molecules on the top and bottom surfaces by at least 14 Å for all cases. This distance
ensures that there is no interaction between benzene molecules above and below the slab.
The adsorption energies are calculated for every adsorption relaxation:
Eads = Eslab+molecule−Eslab−Emolecule, (1)
where Eads is the adsorption energy, Eslab+molecule is the total energy of the relaxed structure of the
slab with the benzene molecule, Eslab is the energy of the relaxed slab structure, and Emolecule is the
energy of molecule overlayer with same periodicity as the adsorbed system. The negative value of
the adsorption energy indicates that adsorption is energetically favorable.
Surface adsorption sites
Three types of adsorption sites, hollow, bridge and top, are determined based on the benzene
position relative to the surface Ru atoms. The hollow site is where the three surface Ru atoms are
covered by the benzene C atoms. The bridge site is where the benzene C-C bond is on top of the
Ru atom. And the top sites are where the center of the benzene ring is directly above the Ru atom.
We label six distinct sites for each surface as hollow1, hollow2, top1, top2, bridge1, bridge2. The
benzene molecules are initially placed 3 Å above the Ru atoms of the RuO2(110) surface. The
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lateral starting coordinates (Fig. 2) are labelled as follows.
The hollow sites are located with the center of the benzene ring directly on top of a Ru three-
fold hollow site. Specifically, the hollow1 site has a O3f atom inside the carbon ring, whereas
hollow2 is without an O3f atom in the carbon ring. The top sites are placed so that the center of
the benzene ring is directly on top of a particular surface atom, depending on the surface structure.
For the RuO2(110)-Ru and RuO2(110)-Obridge surfaces, the top1 site has the benzene ring centered
over the Rucus,5f atom, and for the RuO2(110)-Ocus surface the top1 site has the benzene ring over
the Ocus atom, which is directly above the Ru atom, (this Ocus is marked as blue in Fig. 2c). For the
RuO2(110)-Ru surface, the top2 site is over the Rubridge,4f atom, and for the RuO2(110)-Obridge and
RuO2(110)-Ocus surfaces, the top2 is over the Rubridge,6f atom. The bridge sites have the center of
the benzene ring directly above the midpoint of two surface Ru atoms. Bridge1 is between adjacent
Rucus atoms, and bridge2 is between Rubridge atoms. For the RuO2(110)-Obridge and RuO2(110)-
Ocus surfaces, the bridge2 site contains Obridge connecting the Rubridge atoms, marked as blue in
Fig. 2b. The schematic of site naming is shown in Fig. 2, and benzene molecules are placed so
that two of the C-C bonds would be along [1¯10].
To choose the periodic unit cell size for our calculations, we calculate the nearest distance
between two hydrogen atoms on nearby benzene molecules in the periodic 1×1, 1×2, and √5×
√
5 cells. For the case of one benzene per 1×1 cell, the nearest distance is less than 1 Å, which is
unreasonable. The 1×2 and√5×√5 cells give minimum distances of 1.34 Å and 4.11 Å between
two hydrogen atoms on adjacent benzenes, respectively. Accordingly, 1×2 and √5×√5 surface
cells are modeled in this study. Additionally, to compare and confirm the results of
√
5×√5 cells,
we also include the 2×3 surface adsorption calculations to represent low coverage.
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Figure 2: Site naming scheme for all three RuO2(110) surfaces. The figures are all shown in
top view. (a) Site naming for RuO2(110)-Ru surface (b) RuO2(110)-Obridge (c) RuO2(110)-Ocus
(d) figure with benzene placed on each site on the surface of RuO2(110)-Ru. Each blue square
with arrow indicates a surface oxygen that is added, going from reduced to oxidizied forms of the
surface.
hollow2hollow1
bridge1
bridge2
top1
top2
(a) (b)
(c) (d)
Obridge
Obridge
Ocus
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Results
Energy and geometry of benzene adsorption on RuO2(110) surface
We start by investigating the adsorption of benzene on the RuO2(110) surface using the GGA
functional. The relaxation pathways of benzene on the most reduced surface, RuO2(110)-Ru,
using a 1× 2 periodic cell are quite interesting and highlight important adsorption interactions.
The site with the strongest adsorption energy is the hollow2 site, since in this position the C atoms
of benzene and Ru surface atoms can maximize their strong attraction without much interference
from surface O atoms. The strong interactions of C atom pz orbitals and the Ru dyz orbitals are
shown in Fig. 3.
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Table 1: Adsorption energies of benzene(bz) on a periodic 1× 2 surface of RuO2(110)-Ru,
RuO2(110)-Obridge, and RuO2(110)-Ocus using the GGA functional.
RuO2(110)-Ru/bz (eV) RuO2(110)-Obridge/bz (eV) RuO2(110)-Ocus/bz (eV)
hollow1 -0.20 -0.23 -0.06
hollow2 -0.39 -0.23 -0.08
top1 -0.20 -0.24 -0.06
top2 -0.05 -0.01 -0.08
bridge1 -0.14 -0.22 -0.05
bridge2 -0.03 -0.01 -0.09
Table 2: Adsorption energies of benzene with 1× 2, √5×√5, and 2× 3 periodicities on the
RuO2(110)-Ru hollow2, RuO2(110)-Obridge top1, and RuO2(110)-Ocus bridge2 using the GGA
functionals and vdW corrected values with TS method. Note that the large difference between
GGA and vdW corrected energies demonstrates that the long-range vdW attraction plays a major
role in benezene adsorbs on RuO2 surface.
RuO2(110)-Ru/ RuO2(110)-Obridge/ RuO2(110)-Ocus/
hollow2 (eV) top1 (eV) bridge2 (eV)
1×2-GGA -0.39 -0.24 -0.09
1×2-TS -1.40 -0.66 -0.65√
5×√5-GGA -0.63 -0.28 -0.13√
5×√5-TS -1.68 -1.06 -0.82
2×3-GGA -0.63 -0.30 -0.15
2×3-TS -1.61 -1.06 -0.84
The adsorption relaxation of benzene on the hollow2 site of RuO2(110)-Ru surface follows
three steps. The first step is the attraction of C and Ru. This makes the benzene molecule tilt so
that two C atoms get closer to the two Rubridge,4f atoms. The benzene H atoms do not show much
attraction toward the surface at this point. The second observed behavior is the slight rotation of
benzene, by ≈ 11.9◦. The third step strengthens adsorption, as the benzene molecule moves closer
to the surface. In this step, in addition to the two C already attracted to the Rubridge,4f atoms, the
C on the other side of the ring is attracted toward the Rucus,5f. Also, the H atoms of the benzene
ring are slightly attracted towards the O3f atoms. At this step, the benzene molecule deforms
significantly.
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Figure 3: Projected density of states of benzene adsorbed on the 1× 2 supercell of the (a)
RuO2(110)-Ru and (b) RuO2(110)-Ocus surfaces. The C atom orbitals on the benzene ring and
the closest Ru surface atom orbitals are shown. Note the orbital interaction between the pz or-
bitals of C and dyz orbital of Ru near the Fermi energy. The C atom that is closest to the surface
and its closest surface O atom orbitals are shown. Note the C atom orbital of benzene is close to
an isolated molecule, indicating that no chemical bond forms, and hence presenting physisorptive
phenomenon on the oxidized surface.
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Other than adsorption on hollow2 of the RuO2(110)-Ru surface in a 1× 2 cell, all the other
sites show a similar behavior. For the other sites, the first step is the rotation of benzene by ≈ 12◦.
The second step is the benzene tilting by ≈ 20◦. For all cases on the RuO2(110)-Ru surface, the
attraction of C and surface Ru atoms (Rucus,5f and Rubridge,4f) is observed, but it is not as strong
as hollow2. Also, some H atoms on the benzene are attracted to the O3f atoms on the surface,
as was predicted from previous DFT work on O3f as a hydrogen bonding site.30 On all sites of
RuO2(110)-Ru including the hollow2, during and after the adsorption, the molecule does not move
from its initial site to find its most favorable site. Instead it generally stays on its initial site, and
the largest lateral movement that occurs is the rotation of the molecule.
To study the chemisorption and physisorption mechanisms with less intermolecular interac-
tion, the adsorption is studied in a
√
5×√5 supercell of the RuO2(110)-Ru slab using the GGA
functional. For the hollow2 site, the final structure shows a very similar geometry to the 1× 2,
but with significantly enhanced chemisorption energy of -0.63 eV. Also, there is no rotation of
benzene during the relaxation. For the top1 site, one of the most strongly physisorbed (-0.20 eV)
sites on the 1×2 cell of RuO2(110)-Ru surface, the calculated adsorption energy on the
√
5×√5
supercell increases (-0.27 eV). This stronger adsorption energy with lower coverage indicates a
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reduction of molecular interaction and increased interaction with the surface. Since the changes of
the adsorption energies from a 1×2 to a√5×√5 cell are significant, the adsorption of benzene in
a 2×3 cell is also calculated. The geometry and the energy in the 2×3 supercell are very similar
to the
√
5×√5 surface in all cases.
For further investigation of chemisorption on the reduced surface, we account for the van der
Waals (vdW) interaction in the calculation by using DFTD225 and TS27 methods. In the periodic
1×2 and√5×√5 supercell, the benzene adopts similar geometries regardless of the inclusion of
vdW correction, as shown in Fig. 4. The hollow2 site proves to be a chemisorption site because of
the strong carbon-metal bonds. For confirmation, benzene adsorption is also examined in the 2×3
supercell using the DFTD2 and TS methods. The geometric and energetic results are very similar
to those on the
√
5×√5 supercell.
Figure 4: Top and side views of the equilibrium structure of benzene adsorbed on the hollow2 site
of the RuO2(110)-Ru surface with different periodic cell sizes using GGA functionals. (a) 1× 2
supercell of the RuO2(110)-Ru surface using the GGA functional. (b)
√
5×√5 supercell of the
RuO2(110)-Ru surface using the GGA functional. vdW calculations using DFTD2 and TS have
similar geometries.
On the oxidized surfaces (RuO2(110)-Obridge and RuO2(110)-Ocus), O atoms gain electrons and
Ru atoms lose electrons. This makes the O atoms interfere with the Ru-C attraction, weakening
it. In addition, the Obridge and Ocus atoms attract the H atoms of the benzene, forming weak
hydrogen bonds, as also shown in other DFT studies.32 We again start our investigation using
the GGA functional on the 1× 2 cell. The relaxation pathways for benzene on the 1× 2 cell of
oxidized surfaces are very similar regardless of the site, suggesting physisorption. The first step
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is the repulsion of benzene from the surface without any changes to its geometry, rotation, or tilt.
The extent of the benzene displacement away from the surface varies among sites from 0.5 Å
to 2 Å. This repulsion arises from the interaction between the surface O atoms and C atoms on
the benzene, also shown by the projected density of states in FIG 3. The second step consists
of benzene molecule rotation by ≈ 25◦, induced by intermolecular interactions. The last step is
the molecular tilting, which maximizes the H bonding between the surface O atoms and H atoms
of benzene. The tilting is ≈ 46◦, which is greater than on the RuO2(110)-Ru surface. Again, the
benzene molecules do not move around laterally, but stay on their initial site. Besides the relaxation
pathways, a minor difference between the two oxidized surfaces is that the RuO2(110)-Ocus surface
has a slightly weaker benzene binding energy than the RuO2(110)-Obridge.
To further study the adsorption on oxidized RuO2 with reduced intermolecular interaction, the
sites with the most stable energies in the 1×2 cell were chosen for study in √5×√5 cells (top1
of RuO2(110)-Obridge and bridge2 of RuO2(110)-Ocus), using the GGA functional. The GGA
adsorption energy in the
√
5×√5 cell of the RuO2(110)-Obridge top1 surface is -0.28 eV, and for
RuO2(110)-Ocus bridge2 it is -0.13 eV. During the relaxation on this larger cell, intermolecular
interaction is weak, so the molecules do not tilt or rotate. In addition, to observe the effects of vdW
interactions on oxidized RuO2, the DFTD2 and TS methods are applied to the 1×2,
√
5×√5, and
2×3 cells of the top1 site of the RuO2(110)-Obridge surface and the bridge2 site of the RuO2(110)-
Ocus surface. The trends of both the energy and the geometry of the relaxed structure conform to
the GGA results for oxidized RuO2(110) surfaces, as shown in Fig. 5.
Adsorption structure stability phase diagram
The preferred coverages that minimize the Gibbs free energy of adsorption for varying oxygen and
benzene chemical potentials are given in Fig. 6. We express the Gibbs free energy in terms of
benzene and oxygen chemical potentials as following,33
∆Gads(∆µO,∆µbz) =− 1A∆E
ads
O,bz@slab +
NO
A
∆µO +
Nbz
A
∆µbz, (2)
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Figure 5: Top and side views of the final structure of benzene adsorbed on the bridge2 site of the
RuO2(110)-Ocus surface of different periodic cell sizes using GGA. (a) 1×2 supercell (b)
√
5×√5
supercell. vdW calculations using DFTD2 and TS show the similar geometries.
where ∆Gads(∆µO,∆µbz) is the benzene adsorption Gibbs free energy as a function of chemical
potential of oxygen (∆µO) and benzene (∆µbz), A is the surface area of the slab, ∆EadsO,bz@slab is the
adsorption energy of O atoms and benzene molecules on the reduced surface, NO is the number
of O atoms, and Nbz is the number of benzene molecules. The chemical potential of benzene and
oxygen corresponds to pressure which can be expressed as,
∆µbz = µ0bz + kBT ln
( pbz
p0
)
, (3)
and
∆µO = µ0O +
1
2
kBT ln
( pO2
p0
)
, (4)
where µ0bz and µ
0
O2 are the standard chemical potential of benzene and oxygen gas molecules, and
p0 is the pressure of 1 atm. The standard chemical potential for oxygen can be obtained from the
experimental thermodynamic table.34 For the standard chemical potential of benzene, the value
is approximated from experimental standard Gibbs free energy.35 In the surface phase diagram,
we plot the stability ranges of benzene overlayers on RuO2(110) with different periodicities and
of extents of oxidation. The pressure corresponding to the chemical potential is shown assuming
room temperature (T =300 K). In Fig. 6, we show the surface phase diagram based on DFTD2
calculations. Starting from the lower left, where the chemical potentials of both benzene and
oxygen are very low, RuO2(110)-Ru is the most stable surface. As increases to the right, the
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most stable phase goes from RuO2(110)-Ru, to RuO2(110)-Obridge, and then to RuO2(110)-Ocus,
which is consistent with previous findings.18 Along the benzene chemical potential axis at low µO,
the RuO2(110)-Ru surface with benzene adsorption at different coverages is shown. As µbenzene
increases, higher coverage is favored. Note that 2×3 surface adsorption phase for RuO2-Ru and
RuO2-Obridge does not appear on the graph due to almost equivalent adsorption condition and
energetics with
√
5×√5 periodic cell. Moving diagonally up and to the right, we can observe the
change of the surface termination (RuO2(110)-Ru to RuO2(110)-Ocus). At high chemical potential
of both species, we can observe increase of the benzene coverage on the RuO2(110)-Ocus surface
(RuO2(110)-Ocus(2× 3) to RuO2(110)-Ocus(1× 2)). The low coverage 2× 3 surface with one
benzene per six primitive cells is only favorable on the RuO2(110)-Ocus surface. The top right
corner indicates that when both µbenzene and µO are high, the most stable surface is RuO2(110)-
Ocus with high molecular coverage. The scale for benzene pressure is converted to the experimental
values in unit of PPM.3 The PPM units of pressure of benzene gas is converted based on the ideal
gas law as shown in following,36
1 PPM =
1µmoles gas
1mole air
=
Vn
M
1µg gas
1L air
, (5)
where T is temperature, M is the molar mass of the gas, and Vn is the molar volume of the gas
taking the form of
Vn =
RT
p
. (6)
At the pressure, p = 1 atm, and room temperature (300 K), 1 PPM = 3.151× 10−7 atm for benzene
gas.
Based on the surface phase diagram, we may conclude that for most of the experimental condi-
tions, the RuO2(110)-Ocus surface is the stable phase. And with such a fully oxidized surface, the
density of the adsorbed benzene layer depends on the benzene pressure.
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Figure 6: The benzene adsorption surface phase diagram of the RuO2(110) surface. Each color
indicates a distinct surface adsorption condition. The legend shows both O and benzene coverage.
The partial pressure scales for benzene and oxygen are at 300 K.
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Conclusion
We investigate the surface adsorption of benzene on RuO2(110). The adsorption mechanism of
benzene on RuO2(110) depends on the site, O coverage, and the benzene coverage. Clear trends
emerge: the C and Ru atoms attract strongly, while benzene H and oxide O atoms have a weaker
attraction. Also, increasing the benzene coverage makes the molecules interact with each other,
reducing surface bonding. As the surface becomes more oxidized, the O surface atoms make
the benzene adsorption weaker. Benzene can strongly chemisorb to the Ru-terminated surface.
However, full surface oxidation leads to benzene physisorption. With understanding of benzene
adsorption geometries, energies, and their relation to the surface oxidation, we can develop realistic
models of the formation of tribopolymer on metal oxide contacts and provide useful information
for further dynamical studies.
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